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I. INTRODUCTION
It is well known that the accuracy of materials properties calculated using density functional theory (DFT) depends critically on the choice of an exchange-correlation functional. In the preceding papers of this series 1 (hereafter referred to as Papers I and II) we have analyzed in detail the structural, electronic, and magnetic properties of transition-metal exchanged chabazite derived from calculations using semilocal gradientcorrected (GGA) or hybrid functionals. In Paper I we have shown that for the pure SiO 2 zeolite hybrid functionals (the PBE0 (Ref. juergen.hafner@univie.ac.at. als). More significant differences were found in the local environment of the extraframework cations and of the Al/Si substitution sites in Cu(I)-, Cu(II)-, and Co(II)-exchanged chabazite. For all three extraframework cations both types of functionals predict that a location of the cation in an almost coplanar position within a six-membered ring (6MR) of the chabazite (CHA) structure is preferred over a position in the larger eight-membered ring (8MR). Hybrid functionals yield a stronger binding between cation and framework. Fixed-moment calculations have been used to investigate the structure and energetics of excited spin states. Strong structural relaxations are predicted for the excited states, which are even more pronounced with hybrid functionals. The admixture of exact (i.e., Hartree-Fock) exchange in hybrid functionals also affects the electronic structure very strongly, as shown in Paper II. The fundamental energy gap in the electronic spectrum of the zeolitic framework is increased. For the metal-exchanged systems both the exchange-splitting and the gap between occupied and empty cation-states is increased. This leads to significant changes in the electronic structure, especially for the systems with divalent cations: Whereas GGA functionals place both the occupied and empty 3d-states of the cation close to the valence-band maximum (VBM), hybrid functionals shift the occupied states to higher binding energies and the empty states to higher energies within the gap. These effects are even more pronounced in excited high-spin states. The electronic eigenstates of extraframework cations are often probed using diffuse reflectance spectroscopy (DRS). We have demonstrated that the analysis of excited spin-states provides the key to an improved understanding of the measured DRS spectra. The strong relaxation of the excited states leads to large differences between excitation and emission energies. For Cu(I)-chabazite the GGA-calculated emission energies are in slightly better agreement with experiment. For Cu(II)-chabazite the GGA results agree with the assignment of the low-energy DRS peak to d-d transitions (albeit at a too low energy), whereas the position of the occupied 3d states at large binding energies calculated with hybrid functionals excludes such an interpretation and suggests that the peak arises from a charge-transfer transition from a framework oxygen to the cation. For the high-energy DRS peak both types of functionals agree on a charge-transfer excitation, with the hybrid functionals leading to better agreement with experiment. For Co(II)-chabazite the transitions to an excited low-spin state calculated with hybrid functionals correspond rather well to a low-energy DRS peak measured in other Co(II)-zeolites (no data in this range are available for chabazite), while the DRS peaks in the visible range can be assigned to the emission from a high-spin state calculated in the GGA. Due to too strong relaxation effects hybrid functionals predict in this case too low emission energies.
The strong dependence of the position of the 3d states on the choice of the functional also suggests pronounced differences in the chemical reactivities of the extraframework cations. One of the techniques used most frequently to characterize the reactivity of cations in zeolites is infrared (IR) spectroscopy of adsorbed probe molecules, especially CO (Refs. 7 and 8) and NO. 9 The interpretation of the data on Cu-carbonyl complexes in zeolites has been controversial for some time. Now it is well established that the most stable complexes of CO are formed with monovalent Cu(I) cations, 7, 10, 11 whereas Cu(II)-carbonyls are very unstable. 12, 13 It has even been argued that Cu(II) cations are too weak acids to bind CO even at low temperatures. 14 The experimentally observed stretching frequencies of CO adsorbed on Cu(I) zeolites are blueshifted with respect to 2143 cm −1 for gas-phase CO. The measured frequencies are only very weakly sensitive to the zeolite type and cation site: 2157 cm −1 in Cu(I)-ZSM5, [15] [16] [17] 2160 and 2140 cm −1 in Cu(I)-Y, 15, 18 2157-2159 cm −1 in Cu(I)-FER (ferrierite), and Cu(I)-MFI, 11, 17 2159 and 2153 cm −1 in Cu(I)-BEA. 10 Significantly higher stretching frequencies of 2221 and 2198 cm −1 were assigned to CO adsorbed on Cu(II) cation in a BEA zeolite. 10 Broclawik et al. 16 assigned a mode at 2200 cm −1 to Cu(II) in ZSM5. Similar blueshifted CO frequencies were reported for Co(II)-exchanged zeolites: 2204 cm −1 in Co(II)-ZSM5 and Co(II)-FER, 19 2205 and 2191 cm −1 in Co(II)-MOR (mordenite). 20 In mordenite, the higher frequency was assigned to CO adsorbed Co(II)-cations in α-sites, the lower to adsorption complexes in β-sites.
The origin of the striking difference in the adsorption strength of Cu(I)-and Cu(II)-exchanged zeolites and of the blueshift of the stretching frequency of CO adsorbed on transition-metal exchanged zeolites is still disputed. The binding between CO and the cation consists of three contributions: (i) the electrostatic interaction of the molecule with the charged cation, (ii) donation of electrons from the highest occupied (HOMO) 5σ orbital of CO to the cation, and (iii) back-donation from d-states of the cation to the lowest unoccupied (LUMO) 2π orbital of CO. Because of the at least partial antibonding character of both HOMO and LUMO, σ -donation strengthens the intramolecular bond and promotes a blueshift, whereas π back-donation weakens the bonding and promotes a redshift. The observed frequency shift depends on the balance between the three different bonding contributions. However, many attempts to explain the blueshift by DFT calculations turned out to be unsuccessful. 16, 21, 22 Therefore, an alternative explanation was proposed by Nachtigall et al., [21] [22] [23] [24] suggesting that the blueshift is caused by the interaction of the CO molecule with the opposite wall of the zeolite cavity. However, because a possible CO-framework interaction is based on dispersion forces, the argument cannot be supported by DFT calculations. Nachtigall et al. [21] [22] [23] [24] have used an scaling relation between stretching frequencies and C-O bond length (based on coupled-cluster calculations on model compounds) to derive frequencies reproducing the observed blueshift. In addition it was argued that the structural models have to be large enough to include interactions of the adsorbed CO with framework atoms on the opposite side of the cavity. Here we want to investigate an alternative reason for the failure of DFT calculations. It is well known that DFT calculations based on conventional local or semilocal exchange-correlation functionals strongly underestimate not only the energy gap in insulating compounds, but also the HOMO-LUMO gap of molecules. One of the reasons of the redshift predicted by DFT calculations is hence that the too small HOMO-LUMO gap results in an overestimation of π back-donation. It has been demonstrated that the same effect also leads to the prediction of a wrong adsorption site for CO on the surfaces of some transition metals and that this can be at least partially corrected by using a hybrid functional predicting a more accurate HOMO-LUMO gap. 25 For CO adsorbed in Cu(I)-exchanged zeolites, embedded cluster calculations using hybrid functionals for the quantum-mechanical part of the calculations have been presented. 23 , 24 These calculations demonstrate that hybrid functionals yield lower (and hence more realistic) adsorption energies, but frequencies were derived only using the scaling approach.
Large differences have also been observed between Cu(I)-NO and Cu(II)-NO adducts in zeolites. In contrast to CO, preferential adsorption of NO on Cu(II) cations has been reported. 12, 26 The stretching frequency of the NO molecule is redshifted compared to the value of 1876 cm −1 in gas-phase NO in Cu(I)-and blueshifted in Cu(II)-adducts: 1809 cm −1 for Cu(I) and 1905 cm −1 for Cu(II) in ZSM5, 16 1802 and 1813 cm −1 for Cu(I), and 1905 and 1912 cm −1 for Cu(II) in BEA. 10 Rather complex IR spectra have been reported for Co(II)-exchanged zeolites. It has been demonstrated that due to the high adsorption strength of Co(II)-cations di-and even trinitrosyl species can be formed in addition to Co(II)-NO adducts. There is now general agreement that the eigenmodes in the range from 1930 to 1980 cm −1 can be attributed to mononitrosyls. The stretching modes are centered around 1940 cm −1 in Co(II)-ZSM5, 27 1935 cm −1 in Co(II)-FER, 28 and 1940 cm −1 in Co(II)-MOR. 29 Hence, we note again a weak dependence of the stretching frequency on the zeolite type and on the location of the cation, although the width of the spectra suggests some modest variation with the extraframework position.
The free NO molecule differs from CO by the partial occupation of the π state and the formation of a paramagnetic moment. The location of the π state at the Fermilevel facilitates π -back-donation -this helps to understand the redshift for adsorption on a monovalent and non-magnetic cation. For the adsorption at the divalent cations, the situation is more complex because of the interplay of the magnetism of adsorbate and cation. If as a consequence of a larger exchange-splitting the d-states of the cation are shifted to larger binding energies, donation from the antibonding π state is possible. The depletion of the antibonding state contributes to the observed blueshift of the stretching mode, but also reduces the magnetic moment of the adsorbate. Embedded cluster calculations for NO-adsorption in Cu(I)-zeolites, using both GGA and hybrid functionals for treating the central cluster around the cation, have been present by Pulido and Nachtigall. 30 Hybrid functionals yield lower adsorption energies and higher stretching frequencies than GGA functionals, with those derived using the GGA being in better agreement with experiment. However, with hybrid functionals endothermic heats of formation are calculated for dinitrosyls, although the IR data suggest that such species exist in Cu(I)-chabazite. A comprehensive investigation of NO adsorption in Co(II)-exchanged CHA, MOR, and FER, based on periodic calculations at the GGA level, has been performed by Georgieva et al. 31 It has been shown that the vibrational eigenfrequencies of mono-and dinitrosyls are predicted with good accuracy (although showing a slight tendency to an underestimation if anharmonic corrections are taken into account). On the other hand, the energies of formation are probably too exothermic, because evidence for the predicted formation of trinitrosyl species exists for Co(II)-ZSM5, but hardly for Co(II)-MOR and Co(II)-FER. For Cu-and Co-exchanged SAPO34 (which is isostructural to CHA) Uzunova et al. 32 have performed a comparative investigation of the adsorption and vibrational properties of NO. It was shown that GGA functionals provide more accurate stretching frequencies, whereas hybrid functionals yield more accurate heats of adsorption.
In the present work we compare the performance of GGA and hybrid functionals in predicting the structure, energetics, and vibrational properties of CO and NO adsorbed in Cu(I)-, Cu(II)-, and Co(II)-chabazite. The investigations are based on the cations locations determined in Paper I, and the chemical reactivities of the extraframework sites are discussed in relation to the electronic spectra presented in Paper II. Our calculations include the isolated carbonyls and nitrosyls of Cu and Co in different charge states. This permits to assess the influence of the zeolite surrounding on the physico-chemical properties of the cations.
II. FUNCTIONALS AND COMPUTATIONAL SETUP
In our calculations we have used the gradient-corrected semilocal PBE (Ref. 5) and PW91 (Ref. 6) functionals and three hybrid functionals: PBE0, 2 HSE03, 3 and HSE06. 4 The PBE0 functional mixes 3/4 of DFT exchange with 1/4 exact (i.e., Hartree-Fock) exchange, the HSE03 and HSE06 functionals use screened exchange with different screening lengths. The calculations have been performed using the Vienna ab-initio simulation package, 33, 34 which performs a variational solution of the Kohn-Sham equations of DFT. All calculations have been performed in a spin-polarized mode, excited spin-states have been treated in a fixed-moment method. For all details we refer to Paper I. The additional aspect in this work is the calculation of the vibrational frequencies of the adsorbate. Harmonic eigenfrequencies can be calculated using the classical equations of motion and the force constants derived using the "direct" method described by Kresse et al. 35 Since we concentrate on the molecular stretching modes, only the displacements of the atoms forming the molecules and of the cation have been considered. Alternatively, anharmonic stretching frequencies may be calculated by numerically integrating the one-dimensional Schrödinger equation for the vibrating diatomic molecule using the program ANHARM developed by Ugliengo. 36, 37 The onedimensional potential-energy surface has been determined by varying the bond-length of the molecule from −0.2 Å to +0.3 Å of the experimental value, keeping its center of gravity fixed. For the CO and NO molecules, the classical and quantum-mechanical eigenmodes show only negligible differences, but the anharmonic corrections are important to assess the accuracy of the competing approaches. For calculations on charged gas-phase carbonyls and nitrosyls, a compensating background charge has been used.
The calculations are based on the locations of the extraframework cation derived in Paper I. For monovalent Cu(I) three different locations, one in a 6MR and two in an 8MR, with the charge-compensating Al/Si substitution in the immediate vicinity have been used. For the divalent Cu(II) and Co(II) cation two variants of the same locations have been used, one with two Al in the same ring and the second with only one Al in the same ring and the other at larger distance. The electronic structures and the photoluminescence spectra of all configurations have been presented in Paper II.
III. GAS-PHASE CARBONYLS AND NITROSYLS
We start by summarizing the results for the CO and NO molecules and for the carbonyls and nitrosyls with Cu and Co in different charge states, see nitrosyls to determine the spin ground state. To achieve reliable results for the relaxed bond lengths and stretching frequencies, the convergence criteria for total energies and electronic eigenvalues had to be sharpened to 1 × 10 −7 eV. It also has to be emphasized that an increased cut-off energy of 700 eV produces slightly more accurate results for the isolated gas-phase species. To quantify the possible margin of error, we have compiled in Table I the results for CO and NO molecules calculated with the lower and the increased cut-off energy, together with the results of calculations based on localized basis sets 38, 39 and using slightly different GGA (BP86 (Ref. 40) ) and hybrid (B3LYP (Ref. 41)) functionals. For CO the increased cut-off energy leads to a reduction of the molecular bond length by up to 0.01 Å, an increase of the anharmonic stretching frequency by 1 to 9 cm −1 . The molecular binding energy is increased by 0.06 eV within the GGA, and by about 0.11 eV for screened and by 0.20 eV for a hybrid functional with bare exchange. A larger influence is noted for NO -the bond length decreases by up to 0.018 Å, the binding energy by up to 0.25 eV in the GGA, and by up to 0.67 eV with hybrid functionals. The most important effect, however, is a decrease of the anharmonic stretching frequency by about 30 cm −1 for all types of functionals. However, such large basis sets are computationally prohibitively expensive for zeolites. For both types of functionals the increase of the cut-off energy leads to an increase of the computational effort by a factor of three. While this is acceptable for GGA functionals, it means that a calculation with a PBE0 functional and a cut-off energy of 700 eV would require about 114 times more CPU time than a PBE calculation with 400 eV. A cut-off energy of 400 eV, such as used in the preceding papers and in the present work offers a tractable compromise between computational effort and accuracy.
A comparison with calculations using standard local basis sets (we have taken results from investigations 38, 39 including also the carbonyls and nitrosyls with Cu and Co, see below) shows for CO a good agreement with the present plane-wave results and the lower cut-off energy, although the harmonic stretching frequencies are consistently lower by about 12 to 16 cm −1 . The hybrid functional used in these calculations was the B3LYP functional.
The results for CO and NO molecules (see Table I ) already illustrate the difficulty to identify an optimal functional. Both types of functionals slightly overestimate the bond lengths, with hybrid functionals producing more accurate results. GGA underestimates and hybrid functionals overestimate the stretching frequency for CO, the absolute error being larger with hybrid functionals. For NO the very good agreement with experiment of the frequencies calculated in the GGA with the lower cut-off turns out to be a bit coincidental, with the higher cut-off the frequencies are again too low (although less than for CO). Hybrid functionals yield too high frequencies. Molecular binding energies calculated in the GGA demonstrate the well-known tendency towards overbinding, while hybrid functionals underbind for CO and achieve perfect agreement for NO if the high cut-off is used. Hybrid functionals produce a much wider and more accurate HOMO-LUMO (σ −π ) gap for CO. For the paramagnetic NO molecule the energy difference between the singly occupied molecular π orbital (SOMO) and the σ state depends only weakly on the choice of the functional, whereas the SOMO-LUMO gap depends critically on the exchange-splitting and is therefore much larger with hybrid functionals.
It must also be emphasized that the calculations with PW91 and PBE functionals have been performed with slightly different PAW potentials using the same functionals also for the calculation of the frozen core states. For CO this leads to negligible differences in bond lengths and stretching frequencies, but for NO the frequencies calculated with PBE are higher by about 20 cm −1 than those derived with PW91. Calculations with hybrid functionals are all based on the same PAW potential, independent of the screening of the exact exchange contribution. For the gas-phase molecules the screening influences the width of the HOMO-LUMO gap, but not the bond-length or the stretching mode.
A. TM-carbonyls
Our results for the TM carbonyls are summarized in Tables II and III. For comparison the results of Zhou and   Andrews 38, 39 based on local basis sets and slightly different exchange-correlation functionals have been included. The results compiled in the tables have been calculated with a cut-off energy of 400 eV to permit a direct comparison with molecules adsorbed at extraframework cations in chabazite. The degree of convergence has been carefully controlled by calculations with a larger cut-off of 700 eV. Complete compilations of our results for all carbonyls and nitrosyls, including the spin ground states and the excited states, calculated with cut-off energies of 400 eV and 700 eV are presented in the supplementary material. 47 The bond dissociation energy, E bond , has been calculated relative to the ground state of the isolated metal atom or ion and the ground state of the molecule. For Cu-carbonyls both types of functionals predict a S = 0 ground state for negative and positive charge (i.e., at an even number of valence electrons), and a S = 1/2 ground state for the neutral carbonyl. We also find the same bent geometries with Cu-C-O angles of 131
• and 143
• for negative and neutral Cu-carbonyls, and a linear configuration at positive charge.
GGA functionals predict elongated C-O bond lengths and strongly redshifted C-O stretching frequencies compared to the gas-phase molecule for negative and neutral carbonyls, while at positive charge the bond-length is slightly contracted and the stretching-mode blueshifted. With hybrid functionals the C-O bond lengths are reduced and the Cu-C distances TABLE II. Carbon-oxygen and copper-carbon distances, bond angle, Cu-CO bond energy, spin, and carbon-oxygen stretching frequency for neutral and charged Cu-carbonyls, calculated using different exchange-correlation functionals. Distances are given in Å, angles in deg, bond energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to CO in the gas phase. E spin is the energy difference to the lowest excited spin-state. + (underestimation with GGA, overestimation with hybrid functionals). The important point, however, is the frequency shift relative to gas-phase CO for which both types of functionals produce comparable results [for the positive species the blueshift compared to the gas-phase is increased from +71 cm −1 (GGA-PBE) to +93 cm −1 (hybrid functional-PBE0)]. Using both types of functionals, the variation of the frequency with the charge is somewhat stronger than linear, slightly larger than found experimentally. The bond-dissociation energy (calculated relative to the isolated molecule and the free atom or cation, respectively) is much larger for the positively charged than for the neutral species. Calculations using hybrid functionals yield a dissociation energy reduced by about 20% to 30% compared to the GGA. For [CuCO] + Meyer et al. 48 have measured a bond dissociation energy of 1.54 eV which is even lower than the value calculated with hybrid functionals.
PW91
For Co-carbonyls we find a spin of S = 1 for positively or negatively charged species and S = 1/2 for the neutral complex, independent of the choice of the functional. The spin-state indicates that for the neutral and positively charged species the formation of the carbonyl bond leads to 4s to 3d promotion, the electronic configuration of the Co(I) cation is d 8 , that of the neutral atom is d 9 . Similar results have been reported by Pilme et al. 50 for a series of carbonyls of 3d transition metals. No 4s to 3d promotion occurs for the negatively charged carbonyl were the electronic configuration of Co is d 8 s 2 . A linear geometry is predicted for all charge states and functionals. Using GGA functional we find elongated C-O bond lengths and strongly redshifted C-O stretching frequencies for negative and neutral Co-carbonyls, while both remain almost unchanged for the positively charged complex. With hybrid functionals we calculate reduced C-O and increased Co-C distances compared to GGA functionals and higher C-O stretching frequencies. For a positive charge of the Cocarbonyl the stretching mode is now blueshifted by about 49 cm −1 , we also find a stronger variation of the frequency with the charge of the carbonyl. Agreement with experiment 49 is best in the GGA for a negative charge, while for the neutral and positive Co-carbonyl GGA under-and hybrid functionals overestimate the frequency. The bond-dissociation energy calculated with hybrid functionals is only about half the value derived in the GGA, leading to significantly improved agreement with experiment. The influence of the charge state on the dissociation energy is much less pronounced than for Cucarbonyls.
To assess the validity of our results we have repeated most calculations with a higher cut-off energy of 700 eV. The influence of the larger basis set may be summarized as follows: C-O distances decrease by at most 0.01 Å, C-O stretching frequencies change at most by ±10 cm −1 , Cu(Co)-C-O angles by less than 1
• . Metal-molecule distances are even less affected, they are changed by less than 0.005 Å. Bond dissociation energies and spin-excitation energies are decreased by ∼10 meV. Altogether it seems legitimate to conclude that for the metal-carbonyl complexes we are closer to basis set convergence already with the lower cut-off energy.
The comparison with the results of the calculations with local basis sets 38, 39 is less straightforward. For the C-O bond lengths the difference between the two sets of calculations is about the same or only marginally larger as for the free C-O molecule. The difference in the C-O stretching frequencies is of the same order of magnitude as for free CO, the frequency shift in the carbonyl relative to free CO shows the same trend in both sets of calculations. More important differences appear in the metal-molecule interactions: Cu-C-O distances are larger by 0.03 to 0.04 Å in calculations using local basis sets and the GGA, and by 0.06 to 0.17 Å if hybrid functionals are used. The difference is smallest for a positively charged or neutral carbonyl and larger for a negative charge. The change in the metal-molecule distance is also reflected in a reduced bond-dissociation energy. These changes are more pronounced for Cu-than for Co-carbonyl. Since the metal-CO distances and the bond dissociation energies are hardly changed upon an increase of the plane-wave cut-off energy from 400 to 700 eV, we conclude that the difference is due to the local basis set used for the metal atom.
The most important factor influencing the molecular bond length and stretching frequency is the charge on the metal atom. For a negatively charged or neutral carbonyl back-donation to the antibonding π LUMO dominates over σ -donation, resulting in a pronounced redshift of the stretching mode. For the positively charged species σ donation becomes dominant and produces a blueshift of the stretching mode. Hybrid functionals yield a larger blueshift leading to better agreement with experiment for [CuCO] + , whereas for [CoCO] + the experimental value lies between the values derived with both types of functionals.
The differences between Cu-and Co-carbonyls may be understood in terms of the differences in the filling of the 3d states. For Co with a partially filled 3d-shell the σ − e g and π − t 2g interactions favor a straight molecular geometry and the formation of a strong, predominantly covalent Co-CO bond, irrespective of the charge state. For Cu with a filled 3d-shell the hybridization between 3d and 4s states is of foremost importance for understanding the bonding mechanism. The interaction of the molecular eigenstates with the 4s-3d hybrid state leads to the formation of a bent geometry for the negative and neutral carbonyl, while for [CuCO] + a linear geometry is predicted because the 4s-3d hybridization opens the 3d-shell and enables σ donation and the formation of a covalent bond. This is also the reason that the bond dissociation energy is very low for the neutral carbonyl and much larger for the positively charged species.
B. TM-nitrosyls
Our results for Cu-and Co-nitrosyls calculated with a cut-off energy of 400 eV are summarized in Tables IV and V and include again for comparison the results of earlier calculations using local basis sets. Our results for all spin states, calculated with cut-off energies of 400 eV and 700 eV are collected in the supplementary material. 47 For the Cu-nitrosyls carrying negative or positive charges calculations with both types of functionals predict a spin of S = 1/2 in the groundstate. Independent of the charge-state and the choice of the functional, the Cu-nitrosyls are bent, the Cu-N-O angle varying between ∼120
• for the negatively and ∼133
• for the positively charged species. For the neutral Cu-nitrosyl GGA calculations predict that the spins of the metal atom and of the molecule compensate each other, resulting in zero spin for the nitrosyl. In contrast, with hybrid functionals the spins are aligned, resulting in S = 1 for the nitrosyl. However, the S = 0 state is only slightly higher in energy.
In their experimental study Zhou and Andrews 38 mentioned also a mode at 1521 cm −1 which could not be assigned to any Cu-NO complex. In a more recent combined theoretical and experimental study Krim et al. 51 proposed that this mode should be assigned to neutral CuNO in a triplet state which is energetically almost degenerate with the singlet ground state. The measured stretching frequency of CuNO in the triplet state is lower by 66 cm −1 than in the ground state. This shift is in good agreement with our results in the GGA, while hybrid functionals predict a reduction by a smaller amount.
For [CuNO] − and CuNO GGA predicts a pronounced elongation of the N-O bond length, accompanied by a strong redshift of the stretching frequency. For [CuNO] + we find a modest contraction of the molecular bond, resulting in a very small blueshift of the stretching mode compared to NO in the gas phase. Together we find an almost linear variation of the stretching frequency with the charge of the nitrosyl.
For the negatively and positively charged species where all calculations predict a S = 1/2 ground state, hybrid functionals yield a reduced N-O and an increased Cu-N distance, reflecting a weaker binding between metal and molecule. Compared to the gas phase molecule, in [CuNO] − the molecular bond is elongated, the stretching frequency strongly redshifted. In [CuNO] + the bond length is contracted, the frequency is blueshifted. For the neutral species in the S = 1 ground state the N-O bond length and stretching frequency are slightly larger than in the S = 0 state predicted with GGA functionals. Hence, in this case the stretching mode does not follow a linear dependence on the charge. Screening of the exact exchange in the hybrid functional has only a very modest influence upon the results. The anharmonicity of the stretching mode is only modest, varying between ∼20 cm −1 or negative and ∼26 cm −1 for positive charge, using all functionals. For neutral CuNO in the singlet ground state the frequencies calculated in the GGA are higher than the experimental value of 1602 cm −1 (Ref. 38 ) by about 40 to 60 cm −1 , while hybrid functionals overestimate the stretching frequency by nearly 100 cm −1 . For the excited triplet state the disagreement increases to about 70 and 150 cm −1 with both types TABLE IV. Nitrogen-oxygen and copper-nitrogen distances, bond angle, Cu-NO bond energy, spin, and nitrogen-oxygen stretching frequency for neutral and charged Cu-nitrosyls, calculated using different exchange-correlation functionals. Distances are given in Å, angles in deg, bond energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to NO in the gas phase. E spin is the energy difference to the lowest excited spin-state. + a blueshift of the stretching frequency as found in experiment. 38 
For [CuNO]
+ micro-calorimetric measurements of the bond dissociation energy have been performed. 52 The experimental value of 1.13 eV is lower by about 0.2 eV than our calculations with hybrid functionals and only about half the GGA value. Koszinowsksi et al. also presented results from coupled cluster theory (1.02 eV) and using the B3LYP (Ref. 41 ) hybrid functional (1.17 eV).
The choice of the cut-off energy has a larger influence than for the Cu-carbonyl. With the larger cut-off we find a reduction of the N-O distance varying between 0.01 and 0.02 Å, the N-O stretching frequency is lowered by 30 ± 3 cm −1 within the GGA and by 42 ± 2 cm −1 with hybrid functionals (this is of the same order of magnitude as for gas-phase NO). The large basis set has almost no influence on the Cu-N distance. The bond-dissociation energy is reduced in the GGA by about 0.15 eV, but remains almost unchanged with hybrid functionals.
The comparison with the earlier calculations of Zhou and Andrews 38 based on local orbitals leads to very similar results as for the Cu-carbonyl: good agreement for N-O distances and Cu-N-O angles, larger differences for the stretching frequencies and Cu-N distances. Within the GGA local orbitals yield frequencies lower by 0 to 28 cm −1 , with hybrid functionals frequencies are lower by 23 to 92 cm −1 . Cu-N distances are larger in calculations with the local basis are larger by up to 0.04 Å in the GGA and by up to 0.08 Å with hybrid functionals. Again the difference has to be assigned to the basis set used for the metal atom. It is also interesting that with TABLE V. Nitrogen-oxygen and cobalt-nitrogen distances, bond angle, Co-NO bond energy, spin, and nitrogen-oxygen stretching frequency for neutral and charged Co-nitrosyls, calculated using different exchange-correlation functionals. Distances are given in Å, angles in deg, bond energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to NO in the gas phase. E spin is the energy difference to the lowest excited spin-state. both types of basis sets, the GGA always predicts a singlet for the ground state of the neutral species, while with hybrid functionals a triplet is found to have a lower energy.
The results for Co-nitrosyls display some significant differences. Again we find using both types of functionals the same S = 1/2 ground state for the charged species, and for the neutral nitrosyl a S = 0 ground state using the GGA, while hybrid functional predict a S = 1 ground state to be slightly lower in energy than S = 0. The calculated spins suggest that in all cases formation of the nitrosyl leads to a 4s to 3d promotion on the Co atom or ion. At negative charge, the electron configuration is d 10 , the spin of the nitrosyl is contributed by the paramagnetic molecule. At positive charge, the electron configuration is d 8 , the spins of the anion and the molecule partially compensate such that a spin or S = 1/2 results for the nitrosyl. For the neutral species the electron configuration of Co is d 9 . With hybrid functionals the localized spin densities on atom and molecule are aligned, whereas in the GGA with a more delocalized charge density the spin of the nitrosyl is quenched.
GGA functionals predict for [CoNO] − a bent configuration with a Co-N-O angle of about 158
• and a linear geometry for CoNO and [CoNO] + . For the negative and neutral Co-nitrosyl we find an expansion of the N-O bond length and a redshifted stretching frequency, whereas for positive [CoNO] + the bond length is contracted and the stretching mode blueshifted by more than 100 cm −1 . The frequency shifts predicted in the GGA are in reasonably good agreement with experiment, irrespective of the charge.
The influence of the cut-off energy used in our planewave calculations is relatively important for the Co-nitrosyl. The N-O distance decreases by 0.012 to 0.015 Å in the GGA and by 0.014 to 0.020 Å with hybrid functionals. The change in the bond length is correlated to a reduction of the stretching frequency by an almost constant amount of 30 cm −1 in the GGA, and by 60 cm −1 for the neutral nitrosyl with hybrid functionals (slightly smaller shifts are found for the charged species). The Co-N distance and the bond dissociation energies remain almost unchanged if the extended basis set is used. A compilation of all results calculated with the larger cut-off many be found in the supplementary material. 47 The calculations using a local basis 38 agree with our results in predicting a singlet ground state of the neutral Conitrosyl within the GGA, and a triplet state with hybrid functionals. However, while we find a large spin-excitation energy in the GGA and only a minimal one with hybrid functionals, calculation with a local basis predict large spin-excitation energies of opposite sign with both types of functionals. N-O bond lengths and stretching frequencies and Co-N-O angles are in good agreement within the GGA, differences in the Co-N distances are also smaller than for the Cu-nitrosyl. Calculations with hybrid functionals and local basis sets predict a linear or almost linear geometry of the Co-nitrosyl in its spin ground state, irrespective of its charge whereas we find a linear structure only for [CoNO] + . The influence of the choice of the functional is very different from that found for Cu-nitrosyls. With hybrid functionals we calculate bent geometries with Co-N-O angles of 127
• and 138
• for negative and neutral Co-nitrosyls, and a straight geometry only for the positively charged species.
For [CoNO]
− we find a slightly increased N-O bond length and a strongly increased Co-N distance, and a N-O stretching frequency which is comparable or even lower (with screened functionals) than calculated with GGA functionals. For neutral CoNO the N-O distance is almost the same using both functionals (but remember the difference in the spin), the elongation of the Co-N distance is less dramatic, the stretching frequency is about 50 cm −1 lower than calculated in the GGA. Only for [CoNO] + the effect of the functional is the same as for Cu-nitrosyl: the N-O distance is slightly reduced, the Co-N distance increased, the stretching mode is blueshifted. Compared to experiment, the stretching frequencies calculated using hybrid functionals are in agreement with experiment for the negative, too low for the neutral, and too high for the positive species. The variation of the stretching frequency with the charge of the nitrosyl is approximately linear with the GGA, but not with hybrid functionals. The shift of the stretching frequency compared to gas-phase NO is predicted more accurately using GGA functionals. Hybrid functionals overestimate ν for negative and neutral Co-nitrosyls and underestimate it for the positive species.
IV. ADSORPTION OF CO IN CU-AND CO-EXCHANGED CHABAZITE
In the following we present our results for the adsorption of CO in Cu-and Co-exchanged chabazite. We will discuss the change in the geometry of the cation sites induced by the adsorption, as well as the influence of the zeolite environment on the adsorption strength of the cation by comparing the results with the properties of the isolated carbonyls. In our calculations we have considered cation sites close to the center of the 6MR and within the larger 8MR (in the literature comparable sites in other zeolites have often been referred to as type I and type II, respectively). 54 For divalent cations for each case a configuration with two Al/Si substitution sites in the same ring at close proximity, and one with only one Al in the same ring and the second at larger distance have been considered. All details of the relaxed configurations have been described in Paper I. The adsorption energies have been calculated relative to the clean, metal-exchanged zeolite and the gas-phase molecule. We begin with CO in Cu(I)-chabazite.
A. CO adsorbed on Cu(I)-chabazite
Structure and energetics
Our results for CO adsorption in Cu(I)-chabazite are summarized in Table VI . CO molecules bind strongly to TABLE VI. Structure, energetics, and stretching frequencies of CO adsorbed at an extraframework Cu(I) cation in chabazite, calculated for different cation-locations and using different exchange-correlation functionals. Distances are given in Å, angles in deg, adsorption energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to CO in the gas phase.
PW91
PBE PBE0 HSE03 HSE06
Configuration 1 (6MR) 11 reported from micro-calorimetric measurements, an initial heat of adsorption of 0.98 eV, decreasing slightly at higher coverage. A higher value of 1.35 eV at 303 K was reported by Reed et al. 53 for Cu(I)-MFI. Davidová et al. 54 have used the B3LYP functional and an embedded cluster approach to determine the adsorption energy of CO in Cu(I)-MFI zeolite and the bond dissociation energy of [CuCO] + . Both for zeolite adsorption (E ads = 1.14 eV and 1.44 eV for adsorption by Cu(I) in type I and type II sites, respectively) and for the charged carbonyl (E bond = 1.54 eV) their values are lower than ours. A similar approach, based on both B3LYP and PBE functionals has been applied by Rejmak et al. 24 to CO in Cu(I)-faujasites. For Cu(I) cations interacting with a single Al atom heats of adsorption of 1.24(0.80) eV and 1.89(1.23) eV were derived using PBE(B3LYP) for cation locations in a 6MR or 8MR, respectively. Hence, both the present periodic and the cluster approach agree on a weaker binding by the cation embedded in the zeolites and on a weaker adsorption by cations in a 6MR and in a larger ring. The difference in the absolute values can be attributed to the different hybrid functionals and to the use of rather small clusters with only six or seven tetrahedral sites for the quantummechanical part of the calculations. In any case the comparison shows that hybrid functionals lead to much more accurate adsorption energies.
The strong binding of the adsorbate weakens the binding of the cation to the framework. In configuration 1 Cu(I) is threefold (fourfold) coordinated to oxygen atoms of the framework in calculations with GGA (hybrid) functionals (for details, see Paper I). Upon adsorption of CO only the two bonds to the activated O(3) and O(2) atoms next to Al (as in the preceding papers we use the convention to designate activated oxygen atoms by bold numbers) are preserved, and they are stretched by 0.1 to 0.15 Å with GGA and by up to about 0.1 Å with hybrid functionals. The Cu(I) cation moves from a position almost coplanar with the 6MR to a position above the ring. The Al-Cu distance is slightly reduced. Hence, adsorption of a CO molecule induces a change in the cation location similar to that caused by a spin-excitation (see Paper I for details). Similarly, in configuration 2 in an 8MR the Cu(I)-O coordination is reduced from three to two, only the bonds to the activated O(1) and O(4) atoms are conserved. They are even slightly contracted, while the Al-Cu distance is slightly increased (using both types of functionals). In configuration 3 the Cu(I) cation remains two-fold coordinated to activated O(2) and O(4) atoms, Cu-O and Al-Cu distances are slightly increased. The analysis of the changes in the geometry shows that the lower adsorption energies in configurations 1 and 2 are at least partially due to a loss of energy arising from the geometric distortion of the cation coordination.
Stretching frequencies
As the C-O bond length is almost unchanged compared to the gas-phase molecule, we also calculate almost unchanged stretching frequencies. With GGA we find a very small redshift between −1 and −8 cm −1 , with hybrid functionals a weak blueshift between 2 and 10 cm −1 of the C-O stretching frequency compared to gas-phase CO. The absolute value of the frequency is overestimated by about 70 cm −1 with hybrid functionals, and underestimated by about 40 cm −1 in the GGA. The frequency is also found to be almost independent of the cation-location. Experimentally, stretching modes cluster around 2157 ± 4 cm −1 , blueshifted by about 14 cm −1 , for CO adsorbed in many different zeolites (see Sec. I). Hence, while the blueshift is predicted only by hybrid functionals, GGA under-and hybrid functionals overestimate the frequency, with a larger absolute value in the later case.
For CO bound to Cu(I)-cations in faujasite Rejmak et al. 24 have calculated harmonic stretching frequencies using the PBE and B3LYP functionals. For cations in a 6MR bound to a single Al atom they reported frequencies of 2122 cm −1 (redshifted by −11 cm −1 corresponding to the gasphase) using PBE, and 2223 cm −1 (blueshifted by 5 cm −1 ) using B3LYP. In their work the lower stretching frequencies around 2140 cm −1 measured in faujasite and some other zeolites were assigned to adsorption at cations bound to two Al in close proximity. Hence, in agreement with our results the weak blueshift reported for CO adsorbed in Cu(I)-zeolites is reproduced with hybrid functionals, but not in the GGA.
Bonding and electronic structure
The adsorption of CO also leads to significant changes in the electronic structure of Cu(I)-chabazite. Figure 1 shows the charge flow around the cation induced by CO adsorption. The difference electron density is calculated between the CO-Cu(I)-chabazite complex on one hand and on the other hand, the Cu(I)-chabazite before adsorption (but deformed to the relaxed geometry in the adsorption complex) and the isolated CO molecule (with the C-O distance of the adsorbed molecule). Charge is withdrawn from the Cu-O and C-O bonds and transferred to the Cu-C bonding region, reflecting the formation of a covalent bond between the CO molecule and the cation, in contrast to the predominantly ionic Cuframework bonding before adsorption. The result is almost identical with GGA and hybrid functionals. Since the 3d-shell of Cu is completely filled, the formation of a covalent bond is enabled only by a 4s-3d hybridization. The opening of the 3d shell also permits a weak σ -donation. The partial occupation of the 4s states is also seen in the large spatial extension of the Cu-C bond charge, it also explains the close similarity of the structural changes upon CO adsorption and spin-excitation.
The charge-rearrangement upon adsorption is also reflected in the electronic spectrum. Independent of the choice of the functional before CO adsorption the Cu-3d states form a narrow band just above the VBM of the chabazite host, the 4s state is located below the conduction band minimum. Both 3d and 4s states hybridize weekly with framework states (see Fig. 2 in Paper II). Upon adsorption the 3d states are shifted below the VBM, they hybridize with both the molecular orbitals and the zeolite framework (see Fig. 2 ). With GGA functionals the shift of the Cu-3d band upon CO adsorption is almost the same as calculated for the excited spin-state with S = 3/2 were one electron was promoted from 3d to 4s [see The σ -HOMO and the π -LUMO of the CO molecule interact most strongly with the cation states. The balance between σ -donation and π back-donation can be quantified by performing a Bader analysis 56, 57 of the charges on cation and molecule. Irrespective of the choice of the functional we calculate a positive charge of 0.82 ± 0.01 on the cation, enhanced in the GGA by 0.07 to 0.12 compared to clean Cu(I)-chabazite and with hybrid functionals by 0.02 to 0.06. The largest increase is found for cations located in a 6MR. On the adsorbed CO molecule we find a negative charge of −0.07 ± 0.005 in the GGA and a smaller negative charge of about −0.03 with hybrid functionals. Hence, π back-donation is slightly larger than σ -donation, but electrons are also transferred from the cation to the bonding framework oxygens.
The dominant π back-donation correlates with the redshift of the stretching mode found in the GGA.
Hence, the analysis of the electronic DOS suggests that the CO-Cu(I)-chabazite bonding is almost the same with both types of functionals. The reason is that the admixture of exact exchange increases both the HOMO-LUMO gap of the molecule and the bandgap of the Cu(I)-zeolite by a similar amount (the widening of the bandgap is even slightly larger). The calculated differences in the shift of the stretching mode arise from the larger HOMO-LUMO (σ − π ) gap with hybrid functionals which reduces the possible amount of π back-donation.
B. CO adsorbed on Cu(II)-chabazite

Structure and energetics
For the adsorption of CO at extraframework Cu(II) cations our calculations predict a very strong dependence of the adsorption energy on the cation location. For the energetically most favorable position of the cation in a 6MR with two Al (configuration 1), only a very low adsorption energy of ∼0.46 (∼0.27) eV is calculated with PBE (PBE0) functionals. If only one Al atom exists in the same 6MR (configuration 2), the adsorption energy increases to more than twice of this value (see Table VII ). For the less favorable locations in an 8MR with two or one Al (configurations 3 to 6) adsorption energies comparable to those calculated for monovalent Cu(I) cations are calculated. The only slightly lower adsorption energies calculated with hybrid functionals correlate with a stronger cation-zeolite interaction. No experimental heats of adsorption for CO in Cu(II)-chabazite are available. The large differences in the adsorption energies calculated for Cu(II) cations correlate with the pronounced heterogeneity of Cu(II) locations in Cu(II)-BEA reported by Kefirov et al. 10 from temperatureprogrammed desorption experiments showing desorption peaks spread over the temperature range from 400 to 700 K.
The remarkably low adsorption strength of Cu(I) in configurations 1 and 2 correlates not only with a strong binding between cation and framework, but also -in contrast to the results for Cu(I) -with only modest or minimal changes of the cation coordination upon adsorption. In both configurations Cu(II) is fourfold coordinated to framework oxygens (see Paper I for details). Calculations within the GGA show that only the distance to the non-activated O(3) atom is stretched to about 2.9 Å and the Cu(II)-Al distance increased by 0.05 Å, while with hybrid functionals all four Cu(II)-O bonds are preserved (they are stretched by at most 0.03 Å or even reduced) and the Cu(II)-Al distance remains unchanged. In configuration 2 there are three strong and one intermediate Cu(II)-O bonds. The three strong bonds are preserved, the weaker one to a non-activated oxygen is broken. The Cu(II)-Al distance remains almost unchanged. The Cu(II)-C distance is much larger in calculations with hybrid functionals, it is larger for cations in a 6MR than in an 8MR, in analogy with the low adsorption energy.
In configurations 3 to 6 the cation interacts with the framework through three strong bonds with oxygen atoms (two activated and one non-activated). Upon CO adsorption the distances to the activated oxygens are unchanged on average, but that to the non-activated O atoms is increased by at least 0.5 Å and the Cu(II)-Al distance by about 0.05 Å within
The C-O bond length is reduced compared to the gasphase, the contraction is more pronounced with hybrid functionals. However, the C-O bond length of the molecule adsorbed in Cu(II)-chabazite is larger than in a positively charged isolated [CuCo] + carbonyl. The Cu-C-O angle is very close to 180
• , the very small deviations from an exactly linear geometry are mostly due to weak steric effects (Pauli repulsion from the framework). The Cu-C distance is increased compared to the carbonyl, in accordance with an adsorption energy which is much lower than the bonddissociation energy in the isolated species. This effect is most pronounced in configuration 1.
Stretching frequencies
The contracted C-O distances should be reflected in a blueshift of the stretching mode. Within the GGA we calculate stretching frequencies around 2125 cm −1 , only slightly blueshifted compared to the gas-phase or even slightly redshifted for some cation sites. Using hybrid functionals we calculate stretching frequencies between about 2260 cm −1 for the most stable configuration 1 and about 2315 cm −1 for configurations 3 to 6, blueshifted by 50 to 100 cm −1 compared to the gas-phase. The stronger blueshift is in much better agreement with frequencies shifted by 55 to 78 cm . 16 The absolute values of the frequencies are underestimated in the GGA and overestimated with hybrid functionals, with deviations from experiment of about the same magnitude. Figure 3 shows the difference-electron densities (charge flow) for CO adsorbed at Cu(II) cations in configurations 1 and 5. The picture is qualitatively very similar to that for CO adsorption at monovalent Cu(I), but the charge-accumulation in the Cu-C bonding region is much less pronounced, especially for configuration 1. Charge is withdrawn from both atoms of the molecule and from the cation and accumulated in the C-O and C-Cu bonds. For the weak adsorption in configuration 1, the charges on the framework oxygens are almost unchanged, whereas for the strong-binding configuration 5 we also find additional charge on the framework.
Bonding and electronic structure
In the ground state the CO-Cu(II)-chabazite has a spin of S = 1/2, as the zeolite before adsorption. Due to the incompletely filled 3d shell, the states are shifted to larger binding energies compared to Cu(I)-chabazite. The d-band shift and the exchange-splitting are much more pronounced with hybrid functionals, see Fig. 6 in Paper II. The DOS of the minority states calculated in the GGA overlaps with the Fermi level, whereas with hybrid functionals the highest occupied Cu-3d states are found at binding energies of 2.5 eV or more and the empty minority state is separated by a narrow gap (whose width is influenced by the screening of exact exchange) from the VBM. The Cu-4s states are located approximately in the center of the gap. As for Cu(I), adsorption of CO leads to an increased 3d-4s hybridization. The interaction between the 3d-4s hybrids of the cation and the σ state of the molecule is by far most important, see Fig. 4 . The strength of the interaction depends significantly on the choice of the functional and the cation site. Within the GGA for all cation locations occupied and empty 3d states are located close to the Fermi energy, at energies that are higher than the σ -level of CO. This limits the amount of σ -donation and explains the very small blueshift of the stretching mode. With hybrid functionals the occupied cation states are shifted to higher binding energies, the shift increases with larger spin. This facilitates σ -donation and explains the large blueshift of the CO stretching modes.
Again a Bader analysis of the local charges is helpful in quantifying these effects. For a Cu(II) cation in a 6MR the effective charge (see Table II in Paper II) is almost unchanged upon adsorption, but the adsorbed CO molecule acquires a positive charge of about 0.06 for both types of functionals. Electrons are also transferred to framework oxygens. The slight excess of σ -donation explains the blueshift of the stretching mode. In contrast for a cation in an 8MR (configuration 3) the charge on the cation is reduced from 1.05(1.32) to 0.97(1.26) with PBE(PBE0) functionals due to a transfer of 0.03(0.13) electrons from the adsorbed molecule. The difference between these values shows that in the GGA electrons are transferred to the molecular and moleculeframework bonds, while with hybrid functionals electrons are also transferred to the framework (see Fig. 1 ). The stronger depletion of the molecular σ -state explains the stronger blueshift of the stretching mode calculated with hybrid functionals, the electron transfer to the framework shows a stronger binding of the cation with hybrid functionals. The dependence of the adsorption energy on cation location is particularly pronounced with hybrid functionals. Comparison of the DOS calculated with the screened HSE06 functional for configurations 1 and 3 (see Fig. 4 ) shows in the former case a clear splitting of the bonding and antibonding states derived from the σ level, with the center of gravity at about the same energy than the molecular eigenstates. In contrast for configuration 3 the σ states are strongly broadened and shifted to larger binding energies.
C. CO adsorbed on Co(II)-chabazite
According to Hund's rule a free Co(II) cation has spin S = 3/2, and this is also the ground state for Co(II)-chabazite in all six configurations, independent of the choice of the functional. However, GGA calculations predict an excited lowspin state with S = 1/2 at energies increased by only 0.3 to 0.6 eV (see Paper I for details). With hybrid functionals the spin-dependent energies differences are increased to about 1 eV. The formation of a low-spin state implies the transfer of an electron from the fully occupied 3d majority to the minority band. As in the GGA the lowest empty minority state is located immediately above the VBM, this immediately explains a low spin-excitation energy. With hybrid functionals the lowest empty 3d states is located at energies of 0.5 to 5 eV above the VBM (depending strongly on an eventual screening of the exchange operator), high excitation energies imply very large structural relaxation effects (as discussed in detail in Papers I and II).
The formation of a hole in the 3d majority band favors the formation of a strong CO-Co(II) bond as it facilitates electron donation from the molecular σ state to the 3d states of the cation. In this respect the formation of a low-spin state has an influence similar to 3d-4s hybridization. Indeed our calculations show that within the GGA adsorption of CO induces a transition to a low-spin state with S = 1/2 for all configurations (except configuration 1), whereas hybrid functionals predict that the spin-state S = 3/2 remains unchanged. There are no experiments determining the spin-state of CO-Co(II)-chabazite, but for Co(II)-ZSM5 a spin-crossover from S = 3/2 to S = 1/2 induced by CO adsorption has been derived from electron paramagnetic resonance experiments. 55 The bonding properties are significantly different in both spin states. This is illustrated in Fig. 5 showing the charge-flow induced by CO adsorption at a Co(II) cation in an 8MR (configuration 3), calculated within the GGA (using the PBE functional), and using a screened hybrid functional (HSE03). The transition to a low-spin state predicted in the GGA is accompanied by an extended charge redistribution: (i) Electrons are withdrawn from the framework oxygens bonding to the cation. (ii) Around the Co(II) cation the electron density is generally reduced, but we also find an accumulation of charge in the d σ states binding to the molecular σ state. (iii) The intramolecular ppσ bond is weakened.
(iv) Bonding charge is accumulated between the C atom and the Co(II) cation. With a hybrid functional, where adsorption leaves the spin-state unchanged, charge is redistributed only between cation and adsorbate. Electrons are withdrawn from both the C and O atoms, but the intramolecular bond is even strengthened. Electrons are transferred to both the cation and to the bonding region between cation and CO molecule. The pronounced differences in the charge distributions also suggest significant differences in the structure, energetics, and vibrational properties of the cation-adsorbate complex.
Structure and energetics
Our results for CO adsorption on Co(II)-chabazite are summarized in Table VIII . Compared to the divalent Cu(II) cation we find some interesting differences. For a cation located in a 6MR (configurations 1 and 2) Co(II) binds CO more strongly than Cu(II), irrespective of the choice of the functional. For a location in a larger 8MR (configurations 3 to 6), similar adsorption energies are calculated for Co(II) and Cu(II) in the GGA whereas hybrid functionals predict a weaker binding by Co(II) than by Cu(II).
In a 6MR a Co(II) cation is fourfold coordinated by framework oxygens at distances around 2 Å. If only one Al exists in the ring the Co(II)-O bonds are re-arranged while preserving the fourfold coordination (see Paper I for details). Upon CO adsorption the cation is still fourfold coordinated in a ring with two Al, only one of the bonds is stretched to about 2.3 Å. In a ring with only one Al, the coordination is reduced to three. In configurations 3 to 6 the cation is always threefold coordinated, with the third bond to a non-activated oxygen slightly longer than the two to activated atoms. Here the change of the cation-coordination depends strongly on the choice of the functional: in the GGA all three Co(II)-O bonds are slightly elongated, with hybrid functionals the bond to the non-activated oxygen atom is always contracted by about 0.1 Å, while the bonds to the activated oxygens remain unchanged or are also slightly reduced. Hence, the adsorption energies and geometries reflect the different spin states of the CO-Co(II)-chabazite complexes. The elongation of the Co(II)-CO distances in particular is clearly correlated to the charge redistribution discussed above.
The choice of the functional also strongly influences the geometry of the adsorbate. In the GGA the C-O bond lengths are increased compared to both the free molecule and to the positively charged carbonyl, while with hybrid functionals they are slightly reduced. The Co-C distance is increased compared to the free Co-carbonyl for configuration 1 (by ∼0.1 Å in the GGA and by ∼0.2 Å with hybrid functionals). For configurations 2 to 6 the GGA predicts an almost unchanged Co-C distance while with hybrid functionals an elongation by about 0.2 Å is calculated. The Co-C-O angle is almost straight, only for a cation location in a 6MR a very modest canting of the molecule relative to the Co-C bond is calculated, which is larger in the GGA.
Stretching frequencies
The changes in the C-O bond lengths are also reflected in the stretching frequencies. With hybrid functionals we calculate a blueshift increasing from about +63 cm −1 for configuration 1 to +100 to +110 cm −1 for configurations 3 to 6. In the GGA we find a redshift of at least −25 cm −1 . For Co(II)-ZSM5 Góra-Marek et al. 19 reported a single stretching mode at 2204 cm −1 , blueshifted by +61 cm −1 , for Co(II)-mordenite Gutierrez et al. 20 found two distinct stretching modes, at 2205 cm −1 (blueshifted by +61 cm −1 ) and assigned to α-sites (in a 6MR), and at 2191 cm −1 (shifted by + 48cm −1 ) TABLE VIII. Spin, structure, energetics, and stretching frequencies of CO adsorbed at an extraframework Co(II) cation in chabazite, calculated for different cation-locations and using different exchange-correlation functionals. Distances are given in Å, angles in deg, adsorption energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to CO in the gas phase. and assigned to cations in β-sites (in an 8MR). The small differences between the two different zeolites different cation locations suggest that similar frequencies can be expected also for Co(II) chabazite. The blueshift found experimentally is reproduced only with hybrid functionals, and for the most stable location in a 6MR the calculated shift is in good agreement with experiment. For the absolute values of the frequencies we find a strong underestimation by about −120 cm
in the GGA, while hybrid functional overestimate by about 60 to 80 cm −1 . The stretching frequencies are also influenced by the spin-state. If we calculate the frequencies using the PBE0 functional for the excited low-spin state with S = 1/2, we find for configurations 1 to 6 frequencies of 2236(32), 2230(26), 2268(64), 2270(66), 2258 (54) , and 2257(53) cm −1 , respectively (frequency shifts relative to gas-phase CO are given in parentheses). The reduced blueshift is in better agreement with the experiment on other Co(II)-zeolites and the error in the absolute values is also strongly reduced. This is another hint that CO induces a spin-crossover to a low-spin state in Co(II)-zeolites. Figure 6 shows the total and local electronic DOS of Co(II)-chabazite in configuration 3, calculated using different functionals and for different spin states (fixed moment calculation) before and after CO adsorption. Formation of an excited low-spin states is achieved by shifting the 3d majority DOS to lower and the minority DOS to lower binding energies. Because hybrid functionals produce a much larger splitting between occupied and empty states, the empty 3d states are located around the center of the fundamental gap of the zeolite and the occupied states lie at least 2.5 eV below the VBM, for both high and low spin. In contrast in the GGA both occupied and empty states are distributed close to the Fermi level. The graphs demonstrate that adsorbate bonding proceeds in both cases by σ -donation to the cation. In the high-spin states the position of the 3d states at higher binding energies facilitates σ -donation, especially with hybrid functionals. In the GGA a low-spin state is favored through a small shift of the both majority and minority states to higher binding energies.
Bonding and electronic structure
D. Summary CO adsorption
The results described in the preceding section reveal some common trends. The adsorption energy decreases almost linearly with increasing stability of the cation location. The binding energy to the cation embedded in the zeolite is always much lower than the binding energy in a positively charged free carbonyl. Only for Cu(I)-chabazite the binding energy calculated for the least stable configuration approaches the value in the free carbonyl. For Cu cations the trend is summarized in Fig. 7(a) . For Cu(I) the data collected within the GGA and using hybrid functionals follow a common trend, in this case the adsorption energy calculated with hybrid functionals is always significantly lower and in better agreement with experiment.
In contrast, for Cu(II) the adsorption energies calculated using both types of functionals cover almost the same range, but we note a large difference in the cation stability. The adsorption energies calculated in the GGA continue the trend seen for Cu(I)-chabazite, while with hybrid functionals the decrease of the adsorption energies with increasing stability of the cation sitting is less pronounced. Still, the difference in the adsorption energies is largest for the most stable cation locations where we calculate very low adsorption energies with both types of functionals. For locations of the Cu(II) cation in an 8MR we find adsorption energies around 1.5 eV, only slightly lower with hybrid functionals than in the GGA and of the same order of magnitude than for Cu(I). The screening of exact exchange in the hybrid functionals plays only a minor role for the adsorption energies. This means that the observed instability of Cu(II)-carbonyls is reproduced with both types of functionals, but only for cation locations in a 6MR, not for less stable sites in the larger 8MR.
The situation is more complex for adsorption in Co(II)-chabazite, where in addition to the different stability of the possible framework locations the differences in the spinexcitation energies play an important role. Cation stability increases by about 1.2 to 1.4 eV with hybrid functionals, spinexcitation energies by 0.4 to 0.5 eV, adsorption energies decrease by 0.3 to 0.6 eV -in this case the difference is largest for the least stable cation sites. CO adsorption is predicted to induce a high-spin to low-spin (from S = 3/2 before to S = 1/2 after adsorption) in the GGA (albeit with the exception of the most stable configuration 1 for which the highspin state is conserved), but not with hybrid functionals. We find that the change of the spin has a strong influence on the adsorption energies. The adsorption energy calculated in the GGA for the stable S = 3/2 state of configuration 1 fits very well to the linear trend calculated with hybrid functionals whereas for configurations 2 to 6 with S = 1/2 we find a stronger increase with decreasing cation stability [see Fig. 7(b) ].
For CO adsorbed on Cu(I)-chabazite only hybrid functionals produce the blueshift of the C-O stretching mode found experimentally for other Cu(I)-zeolites. For CO-Cu(II)-chabazite both types of functionals predict a blueshift, but the larger shift calculated with hybrid functional is in better agreement with observations. For CO-Co(II)-chabazite only hybrid functionals yield the blueshift found in other Co(II)-zeolites and in the isostructural Co(II)-SAPO34, while a redshift is predicted in the GGA. However, for the high-spin state found with hybrid functionals the blueshift is overestimated. Better agreement of the calculated frequency shift with experiment is found in fixed-moment calculations for the low-spin state. The absolute values of the frequencies, however, are always much larger with hybrid functionals than in the GGA. The absolute value of the error is larger with hybrid functionals for Cu(I), about equal for Cu(II), and smaller for Co(II)-chabazite.
We have already mentioned that for carbonyls the stretching frequency of adsorbed CO varies approximately linearly with the charge of the transition metal. It has been argued that this relation may be used to estimate the effective charge of the cation in the zeolite. In Paper II we have used a Bader analysis 56, 57 to determine the cation charge -we are hence able to verify whether this relation holds. For Cu(I)-chabazite charges of about 0.73 and 0.78 have been derived using a Bader analysis in the GGA and using hybrid functionals, respectively. For all investigated species, from gas-phase CO over the neutral and charged carbonyls to CO adsorbed in the zeolite we find a roughly linear dependence of the stretching frequency on the C-O distance, see Fig. 8 . This holds in the GGA as well as with hybrid functionals. Only if the charged carbonyls are included, the frequency ranges calculated in the GGA and with hybrid functionals overlap. This demonstrates that the distance-frequency correlation has some universal character within DFT which remains unchanged if, as in hybrid functionals, a certain fraction of exact exchange is mixed to the DFT functional.
V. ADSORPTION OF NO
For the adsorption of CO in transition-metal exchanged chabazite we have found that the dominant binding mechanism is electron donation from the molecular σ state to the d σ states of the cation. Back-donation to the empty π states of the molecule plays only a minor role, and is even less important with hybrid functionals because of the increased HOMO-LUMO (σ − π ) gap. In addition, the larger exchange splitting of the cation states predicted by hybrid functionals plays an important role -this is most evident for Co(II)-chabazite where a spin-crossover to a low-spin state, induced by CO adsorption, is predicted in the GGA for most configurations, while with hybrid functionals the high-spin state remains preferred.
This facet of the bonding mechanism can be studied in even more detail by investigating the adsorption of NO. In the NO molecule the antibonding π state is partially occupied by one electron. As the partially occupied state is pinned at the Fermi level, electrons can be donated or accepted by the π state. Due to the presence of an unpaired electron the NO molecule is paramagnetic. The molecular magnetic moment can combine in different ways with the moment of the cation -the magnetic moment of the adsorption complex in the zeolite can be either reduced or enhanced. Because of the tendency of hybrid functionals to favor high-spin states we expect a significant influence of the choice of the functional on the spin-density of the adsorption complex.
Another important difference is the formation of a bent geometry in nitrosyls and NO adsorption complexes, in contrast to the straight geometry found for CO. Because the partially occupied π state is rather close in energy to the d σ states, but their interaction is symmetry-forbidden at a linear geometry, a reduced Cu(Co)-N-O angle is favored.
A. NO adsorbed on Cu(I)-chabazite
Structure and energetics
Our results for the adsorption of NO on Cu(I)-chabazite are summarized in Table IX . The adsorption energy of NO in Cu(I)-chabazite varies in the GGA between 1.3 eV for a cation in a 6MR and 1.9 eV for a location in an 8MR, with hybrid functionals the adsorption energies are reduced to 0.9 to 1.2 eV. The adsorption energies are lower than the bonddissociation energy in a free charged [CuNO] + nitrosyl. No experimental results are available for Cu(I)-chabazite, but for NO in Cu(I)-MFI Gervasini et al. 58 measured an heat of adsorption at 303 K of 1.05 eV. Davidová et al. 54 determined using the B3LYP functional for cluster models of NO in Cu(I)-MFI adsorption energies of 0.9 eV for a cation in a 6MR and 1.25 eV for a location in larger ring. After NO adsorption the Cu(I) cation is always coordinated to only two activated framework oxygens. This means that for configurations 1 and 2 the Cu(I)-O coordination is reduced, the low adsorption energy results at least partially from the adsorption-induced deformation of the cation coordination. Cu(I)-O bond lengths are elongated, but less than upon CO adsorption. Cu-N distances are smaller than Cu-C distances by about 0.01 Å. The influence of the choice of a functional on the cation coordination is very modest.
N-O bond lengths are increased compared to the free molecule, whereas in free, charged [CuNO] + they are almost unchanged. Cu(I)-N distances are slightly increased compared to the free, charged nitrosyl in configuration 1, but are identical for configurations 2 and 3. The Cu-N-O angle is also the same in the free nitrosyl and in the adsorption complex in the zeolite.
Stretching frequencies
To the elongation of the N-O distances corresponds a pronounced redshift of the N-O stretching frequency of about −90 cm −1 in the GGA and −80 cm −1 using hybrid functionals. This is in contrast to the blueshift calculated for [CuNO] + with hybrid functionals. For NO-Cu(I)-chabazite no experimental information is available, but for NO in Cu(I)-ZSM5 Broclawik et al. 16 reported a stretching frequency of 1809 cm −1 , redshifted by −67 cm −1 . The results for NO in Cu(I)-chabazite may also be compared with those for NO in Cu(I)-SAPO34 -the framework of this aluminosilicate is isostructural to that of chabazite. The experimental 59, 60 stretching frequency is 1805 cm with the unscreened hybrid functional. Given the small variation of the frequency with the host material it seems to be legitimate to expect similar values for Cu(I)-chabazite. This would mean that the absolute value of the frequencies calculated in the GGA are definitely more accurate, although the smaller redshift resulting from hybrid-functionals could be somewhat closer to experiment.
Electronic structure and bonding
The electronic density of states (see Fig. 9 for cation location as in configuration 1, the DOS before NO adsorption is given in Fig. 2 of Paper II) reflects the bonding mechanism and the broken symmetry of the Cu(I)-NO complex. The spin of the adsorption complex is S = 1/2, contributed by the paramagnetic molecule. A significant exchange splitting is found for the electronic eigenstates localized on the adsorbate, but it is almost absent on the cation. The dominant interaction is between the partially occupied π state and the hybridized 3d-4s band of the cation. Due to the bent geometry the rotational symmetry of the π state is broken, we now have to distinguish between π states lying in the Cu(I)-N-O plane and extending perpendicular to it, with the Fermi level falling between the two states. The spin of the NO molecule is conserved. In addition, we note a weak interaction of the molecular σ state with the cation 3d states. The Cu-3d states which lie above the VBM before adsorption are now merged with the highest framework states and broadened. The main difference between the GGA and hybrid functionals is the much larger gap between the occupied and empty spin-polarized π -states.
The charge-flow graph presented in Fig. 10 shows the important role of intramolecular re-hybridization. Due to the broken rotational symmetry the degeneracy of the π states is lifted, the occupied π states extend perpendicular to the Cu-N-O plane. Electrons from both molecule and cation contribute to form a covalent Cu-N bond.
A Bader analysis has been used to determine the local charges of cation and adsorbate. For the cation we calculate an average positive charge of 0.92 ± 0.005 in the GGA and 
B. NO adsorbed on Cu(II)-chabazite
Our results for NO adsorption on Cu(II)-chabazite are compiled in Table X . Irrespective of the location of the cation and of the choice of the functional, the ground-state is always a singlet, S = 0. This means that that the magnetic moments of the molecule and of the divalent cation compensate each other. How the spin-compensation is achieved, however, depends on the choice of the functional. Within the GGA where electrons are rather localized, the entire adsorption complex is completely non-magnetic. With hybrid functionals electrons are more localized and non-vanishing spin-densities of opposite sign are found on both the molecule and the cation, as illustrated in Fig. 11 . A negative spin-density is found on the molecule, it has the symmetry of a ppπ state extending in the Cu-N-O plane. A positive, more delocalized spin-density with pdσ character is located on the cation and the two bonding framework oxygens. These differences are also reflected in the structural, energetic, and dynamical properties of the adsorption complexes.
Structure and energetics
The adsorption energy of NO in Cu(II)-chabazite varies strongly with cation location and functional. Within the GGA, we calculate a much higher adsorption energy for NO than for CO a cation located in a 6MR, whereas with hybrid functionals a very weak adsorption is predicted for both NO and CO. However, even within the GGA, the adsorption energy for NO is still somewhat higher in Cu(I)-than in Cu(II)-chabazite. This means that the preferred bonding of NO to Cu(II), in contrast to CO binding much more strongly to Cu(I), is not reproduced with any of the functionals as long as the cation resides in a 6MR. Only for cations located in an 8MR (configurations 3 to 6) we find a higher adsorption energy for NO than for CO, irrespective of the functional.
After NO adsorption a Cu(II) cation in a 6MR is threefold coordinated to framework oxygens. The Cu(II)-O distances are shorter than after CO adsorption. Cu-N distances are also much shorter than Cu-C distances, especially in configuration 1. These differences are more pronounced with hybrid functionals. In configurations 3 to 6 the cation-oxygen coordination is only twofold, with Cu-O distances that are shorter than before NO adsorption and after CO adsorption.
N-O distances are reduced compared to the free molecule. The Cu-N-O angles depend strongly on the cation location and the choice of the functional. For a cation in a 6MR the angle measures about 130
• , it is slightly lower with hybrid functionals than in the GGA. For configurations 3 to 6, the Cu-N-O angle varies between 140
• and 170
• . With hybrid functionals we find that two very different adsorption geometries [one with a strongly bent Cu-N-O angle of less than 130
• , a large Cu-N distance and three (two strong and one intermediate) Cu-O bonds, and a nearly linear geometry combined with much shorter Cu-N and N-O distances and only two Cu-O bonds shorter than 2.7 Å] are very close in energy -this is most evident in configuration 5 where we find a bent geometry with the PBE0 and HSE06 functionals and an almost linear geometry (which is very close to that found in the GGA) with the HSE03 functional. With PBE0 and HSE06 the bent geometries are lower in energy by 52 meV and 13 meV, respectively. For the remaining configurations, the bent geometry is always preferred with hybrid functionals, although the difference between the geometries found in the GGA and with hybrid functionals is not as pronounced as for configuration 5.
Stretching frequencies
Because of the reduced N-O distances, a blueshift of the stretching mode could be expected. Within the GGA we calculate frequencies of 1908(1907) cm −1 , blueshifted by 30(29) cm −1 for configurations 1(2) with the PW91 functional and ν N-O = 1929 cm −1 , ν = 41 cm −1 using PBE. For configurations 3 to 6 the blueshift increases to up to 100 cm −1 . With hybrid functionals we find stretching frequencies of 2064(2070) cm −1 , blueshifted by 39(45) cm −1 in configurations 1(2) using PBE0. In configurations 5 and 6 where we find large differences in the Cu-N-O angles in dependence on the functional, larger blueshifts are found in the GGA. This is in contrast to the results for CO adsorption where hybrid functionals lead to much larger blueshifts than the GGA. The nearly straight geometries which are stable or at least metastable with hybrid functionals lead to stretching frequencies which are at least 120 cm −1 higher than those for the bent geometries.
For 
Electronic structure and bonding
The different magnetic states of the adsorbate complex predicted in the GGA and by calculations using hybrid functionals appear clearly in the electronic DOS, see Fig. 12 and compare with Fig. 6 of Paper II for the DOS before adsorption. In the GGA the entire system is predicted to be nonmagnetic. The hybridization of the π state of NO with the 3d band of the Cu-cation quenches the spin-polarization of both. Empty antibonding states are found in a narrow band just above the Fermi level, the bonding states extend over a wide energy interval. Due to the adsorption the cation states are shifted to higher binding energies. The deeper σ and π states also hybridize with the 3d states, this interaction is stronger for the σ states which are shifted to higher binding energies. The broken symmetry due to the bent Cu(II)-N-O angle is reflected by the splitting of the π states.
The DOS calculated with hybrid functionals shows a clear signature of spin-polarization, with opposite signs of the exchange splitting on the cation and on the molecule. Only the minority 3d states of the cation hybridize with the π of the same spin direction. The bonding hybrids are concentrated just below the Fermi energy, whereas in the GGA they are spread to higher binding energies -this explains the large difference in the adsorption energies calculated with both types of functionals.
It is also interesting to examine the differences in the electronic spectra for the energetically nearly degenerate straight and bent geometries found with hybrid functionals for cation locations in an 8MR. Figure 13 shows the DOS calculated with the PBE0 functional for configuration 5 where the stable solution has a Cu-N-O angle of 127
• . Again only the spin-down σ -states hybridize with the spin-down 3d states. The different geometries of the adsorption complexes are reflected in the 3d band and in the molecular states. The bonding-antibonding splitting of the peaks derived from the π states is slightly larger for a bent geometry, contributing to its higher stability.
The charge-flow induced by NO adsorption influences also the zeolite framework. This effect is most pronounced in the GGA, see Fig. 14 for cations located in a 6MR and an 8MR with two Al atoms. The π orbital of the adsorbed NO is electron-depleted, electronic states centered on the cation are re-hybridized to form a strong covalent Cu(II)-NO bond. While in configuration 1 the charge-flow reflects essentially a re-hybridization of the orbitals of molecule and cation and a weak bond formation, in configuration 3 we see a strong charge-accumulation reflecting covalent bonding. A Bader analysis shows a positive charge on the molecule, decreasing in the GGA from about 0.17 in configuration 1 to 0.12 in configuration 6, while with hybrid functionals we find a trend in the opposite direction with a charge increasing from about 0.16 for a cation in a 6MR to 0.29 for a site in an 8MR with a single Al atom. The decreased occupation of the π states correlates with the blueshift of the stretching mode. In contrast, the charge on the cation is only weakly affected by NO adsorption. In the GGA the charge is unchanged or slightly increased by at most 0.08, with hybrid functionals we calculate effective charges reduced by 0.06 to 0.18. This means that electrons are also transferred to the framework (as also shown in Fig. 14) . The positive charge of the NO molecule induces a polarization of the activated O atom located on the opposite side of the 8MR and leads to an electrostatic interaction between molecule and framework. Hence, in this configuration we find an example for the interaction of the adsorbate with the opposite wall of the zeolite cavity, which was proposed by Nachtigall et al. [21] [22] [23] [24] as an explanation for the observed blueshift of the stretching frequency. However, it must be emphasized that such a polarization of the framework depends (i) on a substantial charge-transfer from the adsorbate to the cation and (ii) on a special geometry bringing the charged molecule close enough to an activated (and thus highly polarizable) oxygen atom. It is also clear that this effect is not of decisive importance for the blueshift of the stretching mode.
The electron-transfer is also important for understanding of the reduction of Cu(II) cations to Cu(I) when NO is desorbed at elevated temperatures, as reported by Hadjiivanov and Dimitrov. 26 It has been argued that desorption leads to the formation of a NO + ion capable of interacting with the framework and adsorbed NO molecules.
C. NO adsorbed on Co(II)-chabazite
For CO we have found that within the GGA adsorption induces a transition within the CO-Co(II) complex to a lowspin state with S = 1/2 (except for configuration 1 where the cation interacts most strongly with the framework), while with hybrid functionals the high-spin state with S = 3/2 remains preferred. For NO adsorption the situation is even more complex because the spin of the molecule can combine in different ways with that of the cation. Our calculations show that within the GGA low-and high-spin states of the NO-Co(II) adsorption complex are energetically almost degenerate. With the PW91 functional a low-spin state is the ground state for configurations 2, 5, and 6, with the PBE functional a low-spin ground state is found only for configuration 6. For all other configurations and with hybrid functionals for all six cation locations we find a spin of S = 1 in the ground state. A spin of S = 1 for the NO-Co(II) complex results from opposite spin orientations on the Co(II) cation with S = 3/2 and on the para- magnetic molecule with S = 1/2. A singlet state means that NO adsorption induces a high-spin to low-spin transition of the cation whose remaining spin is oriented antiparallel to that of the molecule. The spin-density distribution is illustrated for both cases in Fig. 15. 
Structure and energetics
GGA and hybrid functionals yield very different results for the adsorption energies, especially for a cation location in a 6MR. Within the GGA the strength of adsorption increases with decreasing stability of the cation location, from E ads = 1.92(1.77) eV in configuration 1 for PW91(PBE) to E ads = 2.95(2.74) eV in configuration 6. With hybrid functionals NO molecules bind only very weakly to cations in a 6MR, with adsorption energies of only 0.65 eV if two, and about 0.70 eV if only one Al is present in the ring. NO is more strongly adsorbed at cations in an 8MR, with a weak dependence of the adsorption energies on geometric details. With PBE0 the energies vary only between 1.22 eV in configuration 5 and 1.28 eV in configuration 4. Details are summarized in Table XI . With both types of functionals the adsorption energy is much lower than the bond dissociation energy in neutral or positively charged Co-nitrosyls.
The low adsorption strength of cations in a 6MR is again related to their strong binding to the framework. In configuration 1 the fourfold coordination of Co(II) remains unchanged TABLE XI. Structure, energetics, and stretching frequencies of NO adsorbed at an extraframework Co(II) cation in chabazite, calculated for different cationlocations and using different exchange-correlation functionals. Distances are given in Å, angles in deg, adsorption energies in eV/molecule, and frequencies in cm −1 . The calculated frequencies include anharmonic corrections, harmonic frequencies are given in parentheses. ν gives the frequency shift relative to NO in the gas phase. The spin is S=0 for configurations (2), (5), and (6) in calculations with the PW91 functional and for configuration (6) + both types of functionals predict a linear geometry, a bending comparable to that calculated with hybrid functionals in Co(II) chabazite is found only for the neutral nitrosyl. However, whereas in the neutral nitrosyl the bent geometry is combined with a strongly stretched N-O distance, it is slightly contracted in the NOCo(II)-chabazite complex. In configuration 2 NO adsorption leads to a reduction of the Co(II)-O bonds from four to three, combined with a contraction of the Co-O, Co-N, and N-O distances, the Co-N-O angles are now almost the same in the GGA and with hybrid functionals.
The very low adsorption energies calculated with hybrid functionals (especially for cations located in a 6MR) suggest that the reactivity of the cation is too low to allow the formation of di-or trinitrosyl species. In contrast, multiple adsorption of NO in various Co(II)-zeolites has been found in the GGA calculations of Georgieva et al., 31 as suggested by infrared spectroscopy.
In configurations 3 to 6 (i.e., in an 8MR) the Co(II) cation before adsorption is connected to two activated oxygens, with a third weaker bond to a non-activated oxygen. This coordination remains essentially unchanged in the NO-Co(II)-chabazite complex. The strong Co-O bonds are slightly, the weak bonds more strongly stretched. The difference between strong and weaker bonds is more substantial within the GGA. Only for the configurations where the GGA predicts a S = 0 ground-state, the cation remains threefold coordinated by framework oxygens. Adsorption at cations in these locations induces a contraction of the N-O bond lengths. Within the GGA the contraction is comparable to that found in the free charged [CoNO] + nitrosyl, while with hybrid functionals adsorption at the Co(II) cation in chabazite induces a much more pronounced contraction than in the free, charged nitrosyl. The Co-N-O angle is about 165
• in configurations 3 and 4, and around 175
• in configurations 5 and 6, with both types of functionals. (blueshifted by 64 and 81 cm −1 ) were reported for adsorbed mononitrosyls. Where two modes could be discriminated, the lower one was assigned to the more stable cation location (see Georgieva et al. 31 for a detailed discussion). The weak dependence on the zeolite-type is again remarkable. Our results for Co(II) in a 6MR, calculated in the GGA, are in excellent agreement with the experimental values while hybrid functionals yield too large absolute values and too modest blueshifts. For Co(II) sites in an 8MR the GGA predicts only slightly increased stretching frequencies, still in reasonable agreement with experiment. Stretching frequencies calculated with hybrid functionals are further increased, increasing disagreement with experiment.
Stretching frequencies
The stretching frequencies calculated in the GGA are in good agreement with the results of Georgieva et al. 31 who extended the investigations to include di-and trinitrosyls formed in various zeolites. The results demonstrate that the good agreement with experiment achieved in the GGA holds also for multiple adsorption of NO.
Electronic structure and bonding
The electronic DOS of Co(II)-chabazite is characterized by a full Co-3d majority and a partially filled minority band. With hybrid functionals we find a wide gap between occupied and empty Co-3d minority states, which is absent in the GGA, for details we refer to Paper II (see, in particular, Fig. 10 ). In the GGA the NO-π states hybridize strongly with the Co-3d minority states, see Fig. 16 . Due to the nearly straight geometry, the interaction is strongest with the d π states of the cation. No appreciable interaction is seen with the Co-majority states, in agreement with the spin-densities shown in Fig. 15 . With hybrid functionals we find a strongly bent geometry. In the DOS this is reflected by a stronger interaction of the π states with the d σ states of the cation. Occupied bonding and empty antibonding 3d − π combinations are separated for both types of functionals by a gap of about 2.5 eV. While with hybrid functionals the bonding states are located just below the Fermi level, in the GGA they are found at binding energies of about 1.5 eV -this explains the larger adsorption energy calculated in the GGA. Cation locations in 6MR and 8MR's differ by a shift of the 3d states to larger binding energies, which is much more pronounced with hybrid functionals. The higher binding energies of the 3d states reduce their hybridization with the π states, this leads to the much lower adsorption energies calculated with hybrid functionals. A Bader analysis of the local charges shows that adsorption induces only a minimal charge transfer. The charge on the cation remains within ±0.01 the same, except for configuration 1 in the GGA where we calculate an increase by 0.06. With hybrid functionals we find a slight depletion of the π states of NO varying between 0.03 and 0.08 electrons and smaller changes in both directions in the GGA. This means that for NO-Co(II) chabazite the change in the N-O stretching frequencies is due mainly to an internal chargere-arrangement within the molecule.
D. Summary NO adsorption
The influence of the choice of an exchange-correlation functional is different for NO adsorption than found for CO. The reason is the interplay between the magnetic moments of cation and molecule and the fact that the partially occupied π state is pinned at the Fermi level. The adsorption complex of NO in Cu(I) has a spin of S = 1/2 (as free [CuNO] + ), the adsorption energy is about the same as the bond dissociation energy in the neutral nitrosyl and much lower than in the charged species. The ground state of NO-Cu(II)-chabazite is a singlet, but while the GGA predicts a total absence of spinpolarization, hybrid functionals predict localized spin densities with opposite sign on cation and molecule. For a cation location in a 6MR the GGA predicts a modest reduction of the adsorption energy, while we calculate a drastic decrease with hybrid functionals. For the less stable cation sites in an 8MR, however, the adsorption energy calculated with both types of functionals is comparable or even larger than for Cu(I). This means that the reported selective adsorption on Cu(II) [in contrast to CO which is reported to attach preferentially to Cu(I)] is not found with either functional.
For NO in Co(II)-chabazite we calculate a spin of S = 1, again arising from localized spins with opposite orientations on cation and molecule. Within the GGA singlet and triplet states are energetically almost degenerate. This is similar to the situation in the neutral Co-nitrosyl, where GGA predicts S = 0 and hybrid functionals S = 1. Within the GGA we calculate large adsorption energies, intermediate between the bond dissociation energies calculated for the neutral and the positively charged Co-nitrosyl. Adsorption energies calculated with hybrid functionals are generally lower, the difference is most pronounced for cations located in a 6MR. For these sites the adsorption energies are again intermediate between those of the neutral and charged nitrosyls, while for the less stable sites in an 8MR they approach the larger values of the neutral nitrosyl. As for CO adsorption we find a strong dependence the adsorption energy on the stability of the cation location, see Fig. 17 . The much stronger binding between the Cu(II) cation and the framework leads to much lower adsorption energies. In contrast to our results for CO adsorption, for Cu(II) chabazite the same linear correlation holds in the GGA and for hybrid functionals. For both monovalent and divalent Cucations we find only a small overlap of the adsorption energies calculated with the two different types of functionals. This is even more pronounced for Co(II)-chabazite, were the lowest adsorption energy calculated in the GGA for the most stable configuration is still larger than the highest adsorption energy found with hybrid functionals for the least stable cation site. With both types of functionals the slope of the linear dependence of the adsorption energies is nearly the same, but those calculated with hybrid functionals are shifted by about 0.5 eV to lower values. For NO in Cu(I)-chabazite both types of functionals predict a redshift of the N-O stretching mode almost independent of cation location, the lower shift found with hybrid functionals being in better agreement with the experiments on other Cu(I)-zeolites and on Cu(I)-SAPO34. For NO in Cu(II)-chabazite the best agreement with the modest blueshift reported for other Cu(II)-zeolites is found in the GGA and for cations located in a 6MR. For cations in an 8MR too large blueshifts are calculated with both types of functionals. Similarly, for NO in Co(II)-chabazite best agreement with the experimental values estimated from other zeolites is found in the GGA for cations in a 6MR. For these cation sites reasonable blueshifts but too large absolute values are also found with hybrid functionals, but one has to remember that these functionals predict only a very weak adsorption by the divalent cation in these sites. For Co(II) in an 8MR all functionals predict too large blueshifts. As for CO the calculated stretching frequencies follow a linear variation with the calculated N-O bond length, including also gas-phase NO, the neutral, and charged nitrosyls, see Fig. 18 . 
VI. DISCUSSION AND CONCLUSION
The aim of this study was to explore the influence of the choice of an exchange-correlation functional on the calculations of the structural, energetic, magnetic, and chemical properties of a complex system at the example of a transitionmetal exchanged zeolite. Our results can be briefly summarized as follows:
(1) For the zeolite host, hybrid functionals predict a slightly more accurate cell volume and Si-O distance than the GGA.
(2) Structural changes and charge re-arrangements caused by Al/Si substitution and the introduction of extraframework cations are more localized if the calculations are performed with hybrid functionals.
(3) Hybrid functionals predict a much stronger binding of the cation to the framework. The most stable location of all cations is in an off-symmetry position within a 6MR. Structural energy differences of cation sites in an 8MR are smaller with hybrid functionals for monovalent Cu(I), but larger for divalent Cu(II) and Co(II).
(4) In the ground state the spin of the metal-exchanged zeolite is always the same as predicted by Hund's rule for the free cation.
(5) The formation of an excited spin-state leads to strong structural relaxations. As a rule, cation coordination to framework oxygens is reduced in the excited state. Spin-dependent energy differences are smaller with hybrid functionals for Cu(I), but larger for Cu(II) and Co(II). For Co(II)-chabazite the first excited spin-state is a low-spin state with S = 1/2, an excited high-spin state with S = 5/2 has much higher energy.
(6) Hybrid functionals predict a much wider bandgap for the purely siliceous zeolite in much better agreement with the experimental results for other SiO 2 polymorphs.
(7) The admixture of exact exchange in hybrid functionals increases the exchange-splitting and the energy difference between occupied and empty eigenstates of the extraframework cation. Generally, the GGA predicts a location of the 3d-states close to the Fermi energy, while with hybrid functionals the occupied states are shifted to higher binding energies and the empty states to higher energies within the zeolite bandgap.
(8) DRS probes excited electronic states at energies that are substantially lower than the fundamental bandgap of the zeolite host. The strong structural relaxation in excited states leads to large differences between excitation and emission energies measured in DRS, calculated at the frozen geometry of the initial state.
(9) For Cu(I)-chabazite calculations with both hybrid functionals and in the GGA lead to reasonable agreement with DRS experiments if the relaxation of the excited triplet state is taken into account.
(10) For Cu(II)-chabazite the low-energy DRS bands have been tentatively assigned to d-d transitions, the highenergy bands to charge-transfer excitations. The interpretation of the low-energy peak is compatible with our results obtained in the GGA, but with hybrid functionals it can be assigned only to O→Cu-3d charge-transfer excitations. The position of the high-energy peak agrees quite well with the excitation energies of the quadruplet state calculated at a frozen ground-state geometry and with screened hybrid functionals. Excitation energies calculated in the GGA are too low.
(11) For Co(II)-chabazite the excitation energies calculated with screened hybrid functionals for the low-spin state agree quite well with the DRS band measured for other Co(II) zeolites. Emission energies from the high-spin state calculated in the GGA agree quite well with the measured DRS bands, while too strong relaxation effects lead to too low emission energies in calculations with hybrid functionals.
(12) It is difficult to establish a correlation between cation location and DRS energies because the width of the measured DRS bands is comparable with the calculated site-dependent differences in the excitation or emission energies. A quantitative interpretation of the peak-shapes would require assumptions on the relative populations of the different sites, which depend on the synthesis pathway and thermal history of the sample.
(13) Adsorption energies for CO and NO molecules in metal-exchanged chabazite show a strong, essentially linear correlation with the stability of the cation location. Adsorption energies calculated with hybrid functionals are always much lower and -as far as experimental data are availablemore realistic than those derived in the GGA. (14) The adsorption energies calculated for Cu(I)-chabazite span essentially the same range as between nearly neutral and positively charged Cu-carbonyl or nitrosyl. This holds for both types of functionals. For Cu(II)-chabazite the adsorption energies calculated for the most stable cation location are much lower than for the corresponding neutral species in the gas-phase, those determined for the least stable cation site reach for NO the values calculated for [CuNO] + but remain below the corresponding value for CO adsorption. Again the trend is the same for both types of functionals.
(15) Adsorption energies calculated for Co(II)-chabazite are much lower than for the free carbonyl or nitrosyl. For Co-exchanged chabazite the impact of the functional on the adsorption energy is largest because of the strong exchange splitting in the S = 3/2 state. GGA functionals predict that CO adsorption induces a spin-crossover transition to a lowspin state with S = 1/2 in all but the most stable configuration with Co(II) in a 6MR with two Al atoms. For NO adsorption both spin states are nearly degenerate in the GGA. Hybrid functionals predict that the high-spin state is conserved.
(16) Hybrid functionals predict a short molecular bondlength of the adsorbed species and larger distance from the cation than the GGA. Adsorption-induced distortions of the cation-framework coordination are larger with hybrid functionals -this is important for understanding the very low adsorption strength of the divalent cations in their most stable sites, especially with hybrid functionals.
(17) Using both types of functionals we find the same linear correlation between molecular bond-length and stretching frequency, including also the charged and neutral carbonyls and nitrosyls and the gas phase molecules. Hybrid functionals predict shorter bond lengths and significantly higher frequencies than the GGA.
(18) For CO adsorbed in Cu(I)-and Co(II)-chabazite only hybrid functionals predict the blueshift of the stretching mode observed in other zeolites and in isostructural metalexchanged SAPO34. For Cu(II) both types of functionals predict a blueshift, the larger value calculated with hybrid functionals being in better agreement with experiment. Absolute values are underestimated in the GGA and overestimated with hybrid functionals, the absolute error being larger with hybrid functionals for Cu(I), of the same order for Cu(II), and smaller for Co(II).
(19) For NO adsorption on Cu(I)-chabazite the GGAcalculated frequencies are more accurate, but the smaller redshift derived with hybrid functionals is in better agreement with observation. For NO in Cu(II)-and Co(II)-chabazite agreement is best in the GGA and for cations in a 6MR. (20) The dependence of the stretching frequency on the cation location is very small for both molecular species in Cu(I)-chabazite. A stronger site-dependence is found with hybrid functionals for CO and NO in Cu(II)-chabazite, but the blueshift is too large for cations in an 8MR. For CO-Co(II)-chabazite (where only hybrid functionals yield a blueshift), the predicted shift is too large for cations in an 8MR. For NO adsorption the GGA-calculated frequencies are larger by about 20 to 25 cm −1 for cations in an 8MR, this difference is of the same order of magnitude than reported for Co(II)-MOR and Co(II)-ZSM5.
Hence, we conclude that in most cases hybrid functionals produce more accurate results for structural and electronic properties and for the adsorption energies of molecular species in metal-exchanged zeolites, albeit at the cost of a strongly increased computational effort. In particular, only hybrid functionals correctly predict a blueshift for the stretching mode of adsorbed CO. In this case the improved performance of hybrid functionals can be attributed to a more accurate HOMO-LUMO gap of the molecule and a more accurate bandgap of the zeolite host. However, the results obtained with hybrid functionals are less accurate for systems with larger spins, because the admixture of exact exchange leads to a too large exchange splitting and too large gaps between occupied and empty cation states and because hybrid functionals tend to favor high-spin states. This is most evident in the calculated energies of the DRS bands, the adsorption energies and the vibrational properties of adsorbates in Co(II)-chabazite.
Hybrid functionals also produce vibrational frequencies which are systematically too high for all systems investigated here -molecules, carbonyls and nitrosyls, and molecules adsorbed in the zeolite. This difficulty is often ignored by simply down-scaling the calculated frequencies, but we think that such systematic errors suggest that the precise definition of the functional should be re-considered.
It has occasionally been argued (see, e.g., Ref. 61 ) that hybrid functionals with a larger fraction of exact exchange could lead to more accurate results. In the present case, this would lead to a wider gap for purely siliceous chabazite, but also to an increased exchange splitting of the cation states and a shift of the occupied states to even larger binding energies and larger spin excitation energies and hence less accurate results. A larger fraction of exchange would also lead to even smaller bond lengths of the molecular species. As the linear correlation between bond lengths and stretching frequencies remains the same, this would even increase the frequencies which are already overestimated with hybrid functionals containing one quarter of exact exchange.
